Introduction ponent signal transducing receptor complex for agrin.
Rapsyn (previously called 43K protein) is a cytoOne of the most intensively studied steps in the formaplasmic peripheral membrane protein that is precisely tion of a synapse is the accumulation of nicotinic acetylcolocalized with AChRs in vivo (Froehner et al., 1981 ; choline receptors (AChRs) in the postsynaptic mem- Sealock et al., 1984) , can be cross-linked to AChRs brane of the skeletal neuromuscular junction (reviewed (Burden et al., 1983) , and is present at embryonic AChR by Hall and Sanes, 1993) . In uninnervated myotubes, clusters as soon as they form . AChRs are evenly distributed in the plasma membrane Removal of rapsyn from AChR-rich membranes inat a density of ‫/0001ف‬m 2 . As synapse formation procreases the rotational mobility of the AChRs (Barrantes ceeds, the concentration of AChRs reaches 10,000/m 2 et al., 1980; Rousselet et al., 1982) , and coexpression in the postsynaptic membrane and falls to ‫/01ف‬m 2 in of rapsyn with AChRs in nonmuscle cells induces clusextrasynaptic areas (Fertuck and Salpeter, 1974; Bevan tering of the latter (Froehner et al., 1990; Phillips et al., and Steinbach, 1977) . The nerve induces this redistribu1991a). Conversely, no AChR clusters form in muscles tion by providing several signals that trigger a combinacultured from rapsyn mutant mice, even in the presence tion of transcriptional and posttranslational regulatory of saturating amounts of agrin (Gautam et al., 1995) . mechanisms within the muscle (reviewed by Duclert and Thus, rapsyn appears to be an essential component of Changeux, 1995) . During the past few years, there has the cytoskeletal apparatus responsible for agrin-induced been considerable progress in identifying the nerveAChR clustering. Interestingly, however, neuromuscular derived signals and the intramuscular mechanisms rejunction formation is not as drastically perturbed in mice sponsible for this aspect of synaptogenesis (reviewed lacking rapsyn as in mice lacking agrin or MuSK, sugby Apel and Merlie, 1995a; Sanes, 1997) .
gesting that rapsyn may be required for only a subset Here, we focus on the nerve-induced aggregation of of agrin/MuSK-activated pathways. For example, subAChR in the muscle membrane, which leads to their synaptic myonuclei selectively transcribe AChR genes in rapsyn-deficient mice, but not in mice lacking agrin concentration at synaptic sites and their depletion from or MuSK (Gautam et al., 1995; DeChiara et al., 1996;  as previously reported, MuSK remained localized at syn- Gautam et al., 1996) . These studies have defined a pathaptic sites in adults (not shown). Thus, the synaptic way for clustering in which agrin is the signal, MuSK is localization of MuSK protein observed in adults is part of the signaling receptor, and rapsyn is part of the achieved well before birth, and MuSK is present at the effector mechanism. It now becomes important to define earliest detectable embryonic AChR clusters. the interactions of agrin with MuSK and of MuSK with Next, we assessed the distribution of MuSK in mice rapsyn.
In this paper, we analyze the structural and funclacking rapsyn. Because AChRs and other postsynaptic tional relationship between MuSK and rapsyn. We show membrane proteins do not cluster at synapses in this muthat MuSK is concentrated at neuromuscular junctions tant, we marked synaptic sites with antibodies to SV-2, in rapsyn-deficient mice, indicating that neither rapsyn a component of the synaptic vesicles that accumulate nor AChRs regulate the distribution of MuSK. In this in nerve terminals (Gautam et al., 1995) . Surprisingly, respect, MuSK differs from all other membrane and cyMuSK was highly concentrated at synapses in mutant toskeletal components of the postsynaptic apparatus mice ( Figure 1B ). This finding demonstrates that MuSK studied to date, which fail to accumulate at synaptic can aggregate by a rapsyn-independent mechanism and sites in the absence of rapsyn (Gautam et al., 1995;  raises the possibility that MuSK nucleates assembly of Moscoso et al., 1995b) . Thus, MuSK may be part of a the postsynaptic apparatus, perhaps serving as a priprimary scaffold, which then requires rapsyn to recruit mary scaffold to which additional components are subAChRs and other proteins to the synapse. We use a sequently recruited. nonmuscle cell system to show that rapsyn can indeed
In adult muscle, mRNAs encoding several synaptic link AChRs and other synaptic components to MuSK.
proteins, including AChRs (Merlie and Sanes, 1985 ; Surprisingly, however, this association is mediated by Moscoso et al., 1995a) and MuSK (Valenzuela et al., the extracellular domain of MuSK, suggesting the exis-1995), are themselves concentrated at synapses. For tence of an intermediary transmembrane component AChRs, synaptic localization of the mRNA reflects prefthat links MuSK to rapsyn. Finally, we examine agrinerential transcription of AChR subunit genes by syninduced signaling events in rapsyn-deficient myotubes apse-associated myonuclei (Sanes et al., 1991 ; Duclert and find that agrin-induced MuSK activation occurs norand Changeux, 1995) . The preferential transcription of mally, whereas MuSK-dependent phosphorylation of AChR subunit genes by synaptic nuclei persists in the AChRs does not occur and is thus rapsyn-dependent.
absence of rapsyn (Gautam et al., 1995) but is abolished Together, these results suggest that the intra-and extrain the absence of MuSK (DeChiara et al., 1996) . Since cellular domains of MuSK interact with rapsyn in distinct synaptic localization of the MuSK and AChR proteins ways. We propose that both interactions are required are regulated differently-the former being rapsyn indefor agrin-dependent postsynaptic differentiation. pendent and the latter rapsyn dependent-we used in situ hybridization to assess the distribution of MuSK Results mRNA in control and rapsyn-deficient muscle. In wildtype neonates, MuSK mRNA was concentrated in synSynaptic Localization of MuSK Occurs Early aptic areas (Figure 2 ), as shown previously for adults. in Development and Is Rapsyn Independent Thus, the adult distribution of MuSK mRNA, like that In rapsyn mutant mice, AChRs are present in normal of MuSK protein, is achieved by birth. Likewise, MuSK amounts, but they do not form aggregates at synaptic mRNA was synaptically localized in neonatal rapsyn sites. Likewise, other components normally concenmutant mice (Figure 2) . Thus, the synaptic accumulation trated in the postsynaptic membrane and cytoskeleton of MuSK mRNA and protein both occur in the absence are present at equal levels in synaptic and extrasynaptic of rapsyn, as does preferential synaptic transcription of areas in the absence of rapsyn (Gautam et al., 1995;  AChRs, suggesting that formation of the primary MuSK Moscoso et al., 1995b) . Here, we wished to ask whether scaffold may suffice to induce these specializations. the synaptic localization of MuSK requires rapsyn. However, the distribution of MuSK has hitherto been reported only in adults (Valenzuela et al., 1995) , and rapsyn mutant MuSK and Rapsyn Interact in Nonmuscle Cells mice die within a few hours after birth (Gautam et al., Recently, Gillespie et al. (1996) reported that rapsyn 1995). It was therefore necessary to begin by assessing can interact with a putative Torpedo ortholog of MuSK the distribution of MuSK in developing muscle. Sections (Jennings et al., 1993) in nonmuscle cells. Their finding from embryonic (E14, E15, and E17), neonatal (P0), and supports the possibility that rapsyn could recruit addiadult wild-type mouse muscle were labeled with affinitytional components to a MuSK-based scaffold. To further purified antibodies to MuSK and counterstained with explore the mechanism of this interaction, we assessed rhodamine-␣-bungarotoxin to mark synaptic sites. At the association of mammalian MuSK with rapsyn and E14 and E15, soon after synapses form (Noakes et al., other postsynaptic components. Like Gillespie et al. 1993) , levels of MuSK immunoreactivity were low. How-(1996) , we used a method previously devised to test ever, MuSK was clearly detectable at many junctions, interactions of synaptic components with rapsyn (Philwhere its distribution was coincident with that of AChRs; lips et al., 1991a , 1991b Maimone and Merlie, 1993 ; levels of MuSK were markedly lower or undetectable Apel et al., 1995b) . Briefly, cDNAs encoding rapsyn, plus extrasynaptically ( Figure 1A ). We do not know whether one or more other proteins, are transfected into quail MuSK is in fact absent from some synaptic sites, or fibroblasts of the QT-6 line. Two days later, the cells are whether low levels hinder its detection. In any event, fixed and doubly stained for rapsyn and the test protein. MuSK immunoreactivity was highly concentrated at most if not all synaptic sites by E17 ( Figure 1A) . Finally, Rapsyn forms high density aggregates in this system, Sections of intercostal muscle from control and rapsyn Ϫ/Ϫ neonates were hybridized in situ with a MuSK probe, then photographed with bright-field (top) or dark-field (bottom) optics. MuSK RNA is concentrated midway between the ribs (r) in a central end-plate band that contains all synapses (see Moscoso et al., 1995a). whereas other membrane proteins are diffusely distribSecond, we asked whether MuSK affected the ability of rapsyn to cluster dystroglycan or utrophin. Dystroglyuted in the membrane when expressed on their own. Some proteins (AChRs and dystroglycan) but not others can is a membrane protein that binds to agrin extracellularly and to a cytoskeletal complex intracellularly (e.g., glucose transporters, N-cadherin, trkA, and a potassium channel) colocalize precisely with rapsyn when (reviewed by Henry and Campbell, 1996) . Utrophin, a cytoskeletal protein homologous to dystrophin, is conthey are coexpressed, demonstrating a specific association.
centrated at developing and adult synapses, binds to a complex containing dystroglycan, and is found at large Both rat and human MuSK were diffusely distributed in QT-6 cells when expressed in the absence of rapsyn.
but not small AChR clusters in cultured muscles (Khurana et al., 1991; Ohlendieck et al., 1991; Bewick et al., Similar results were obtained in the presence and absence of AChRs ( Figure 3A ; data not shown). In contrast, 1992; Phillips et al., 1993) . Based on these results, it has been proposed that a dystroglycan-utrophin complex coexpression with rapsyn resulted in the association of both human and rat MuSK with rapsyn-rich clusters might be part of agrin's signal transduction machinery. Previous studies have indicated that dystroglycan asso-( Figure 3B ; data not shown). The codistribution was remarkably precise; MuSK and rapsyn staining coincided ciates with rapsyn in QT-6 cells, but endogenous utrophin was not associated with these clusters (Apel to a submicron level. These results confirm that rapsyn and MuSK interact. However, in light of the in vivo analyet al., 1995b). Accordingly, we transfected QT-6 cells with rapsynϩAChRs, rapsynϩAChRsϩMuSK, or rapsis described above, our interpretation of these results differs from that of Gillespie et al. (1996) , who proposed synϩAChRsϩdystroglycanϩMuSK. Cells were stained with antibodies to MuSK, dystroglycan, utrophin, and that rapsyn recruits MuSK to the synapse. Since the synaptic localization of MuSK is rapsyn independent in AChRs. Like AChRs, dystroglycan colocalized with rapsyn in the presence of MuSK (data not shown). Morevivo, rapsyn may instead recruit AChRs to MuSK clusters, thereby ensuring their colocalization.
over, rapsyn induced formation of clusters that simultaneously contained MuSK, AChRs, and dystroglycan We next used the QT-6 system to characterize the interaction of MuSK and rapsyn. First, we asked whether ( Figure 4A ). However, utrophin staining was evenly distributed in cells with MuSK-containing clusters, indicataddition of AChRs to the complex affected the ability of rapsyn to cluster MuSK. Colocalization of MuSK with ing that MuSK was not able to recruit utrophin to clusters ( Figure 4B ). Third, we asked whether agrin, a putative rapsyn was not detectably affected by coexpression of AChRs ( Figures 3C and 3D) . Likewise, addition of MuSK ligand of MuSK, affected the ability of MuSK to interact with rapsyn, or whether the addition of MuSK made neither inhibited the ability of AChRs to associate with rapsyn nor altered the morphology of rapsyn-AChR clusthe clustering process agrin sensitive. QT-6 cells were transfected as before, then treated with recombinant ters, and thus resulted in clusters with colocalized MuSK, AChR, and rapsyn.
agrin (Ferns et al., 1993) for 4 hr prior to fixation and (B) Rapsyn forms high density clusters on its own (not shown; see Apel et al., 1995b) , and coexpressed MuSK associates with these rapsyn clusters.
(C and D) AChRs cocluster with rapsyn (not shown; see Apel et al., 1995b ) but have no effect on the association of MuSK with rapsyn. Also, the addition of MuSK to clusters does not detectably alter the density or morphology of clusters. The scale bar ϭ 10 m.
staining. Agrin had no effect on the morphology or numfrom MuSK and the intracellular domain from trkC (rMuSK[1-519]-trkC and rMuSK[1-489]-trkC) coclusber of MuSK-containing clusters, in the presence or absence of AChRs, dystroglycan, or both (data not tered with rapsyn as precisely as did MuSK. In contrast, the trkC-hMuSK chimera remained unclustered in the shown). Finally, we stained transfected cells with an antibody to phosphotyrosine to determine whether presence of rapsyn. Likewise, the distribution of trkC itself was unaffected by coexpression of rapsyn. TreatMuSK alters the density or distribution of tyrosine phosphorylated species at rapsyn-induced clusters in QT-6 ment of cells with the trkC ligand, NT-3, had no effect on the distribution of any chimera or of trkC (data not cells. We found previously that phosphotyrosine immunoreactivity associates with intracellular structures conshown). For technical reasons, the trkC-hMuSK was generated from human MuSK, whereas the rMuSK-trkC taining rapsyn, but not with cell surface clusters of rapsyn. Addition of AChR, however, recruited phosphochimeras were generated from rat MuSK. Because rat and human MuSK behaved identically in this system, tyrosine to the cell surface clusters, where it became distributed in a punctate pattern coincident with clusters however (Figure 3) , this difference is unlikely to affect the results. Thus, the ectodomain of MuSK is necessary (Qu et al., 1996) . In cells transfected with MuSK and rapsyn, the intracellular structures contained MuSK and and sufficient for association with rapsyn. Since rapsyn is entirely intracellular, these results provide strong indiwere intensely phosphotyrosine positive, but the MuSKrapsyn surface clusters remained phosphotyrosine negrect evidence for the existence of a transmembrane intermediary that interacts with MuSK outside the cell and ative, indicating that MuSK cannot substitute for AChRs in this respect (data not shown). Recently, Gillespie et rapsyn inside. al. (1996) reported that rapsyn stimulates MuSK phosphorylation in QT-6 cells; our data suggest that this Rapsyn Is Required for AChR Phosphorylation stimulation occurs in intracellular aggregates rather than but Not MuSK Activation on the cell surface. Likewise, addition of MuSK and/or
Results presented so far demonstrate that rapsyn can dystroglycan to rapsyn-AChR clusters had no detectinteract with MuSK but is not needed to localize MuSK able effect on the density and distribution of tyrosineto synapses. Since rapsyn is required for AChR clusterphosphorylated species ( Figure 4C ). In summary, we ing but not for all aspects of agrin/MuSK-activated syncould detect no differences in MuSK-containing rapsynaptogenesis (see above and Introduction), we asked induced clusters compared to clusters without MuSK.
whether it is required for early signaling events induced by agrin, or only for AChR clustering per se. We first asked whether rapsyn was required for activation of
The Ectodomain of MuSK Mediates Its Interaction with Rapsyn
MuSK. Evidence in favor of this possibility was the observation, noted above, that rapsyn stimulates MuSK We next used the QT-6 system to map the domain of MuSK responsible for interaction with rapsyn. As a first phosphorylation when the two are coexpressed in nonmuscle cells (Gillespie et al., 1996) . To determine step, we cotransfected cells with cDNAs encoding rapsyn and a truncated MuSK that lacked most of the whether rapsyn is necessary for MuSK activation in muscle cells, we generated primary cultures of myotubes predicted intracellular domain, including the putative catalytic site of the kinase ( Figure 5A) . Surprisingly, the from wild-type and rapsyn-deficient mice; treated them with agrin for 10, 40, or 80 min; immunoprecipitated truncated MuSK formed clusters when coexpressed with rapsyn ( Figure 5B ). The truncated MuSK clusters MuSK from cell lysates; and immunoblotted with an antibody to phosphotyrosine. The blots were then stripped were precisely coincident with the rapsyn-rich domains and were indistinguishable from those formed by fulland reprobed with an antibody to MuSK. Results of a typical experiment are shown in Figure 6A . As previously length rat and human MuSK (see Figure 3) . This result indicated that the kinase domain was not reported, addition of agrin to wild-type myotubes dramatically increased levels of MuSK phosphorylation required for the association of MuSK with rapsyn, and raised the possibility that the interaction was mediated (Glass et al., 1996) , and this increase was maintained for at least 80 min. Importantly, the degree of agrinby the ectodomain. To assess this possibility, we generated and tested three chimeric molecules ( Figure 5A ). dependent MuSK phosphorylation was the same in control and rapsyn mutant myotubes. Thus, although rapsyn In the first, the extracellular and transmembrane domains of trkC were fused to the intracellular domain stimulates agrin-independent activation of MuSK in nonmuscle cells, it is not required for agrin-dependent of MuSK (trkC-hMuSK). The second was the inverse chimera-the MuSK extracellular and transmembrane MuSK phosphorylation in muscle. We next asked whether rapsyn was required for an regions fused to the trkC intracellular domain (rMuSK[1-519]-trkC). The third was a MuSK-trkC chimera in which early MuSK-dependent signaling event. Following addition of agrin to myotubes, the AChR ␤ subunit becomes the junction was external to the predicted transmembrane sequence, thereby fusing the MuSK ectodomain tyrosine phosphorylated within minutes; only several hours later is AChR clustering observed (Wallace et al., to the trkC transmembrane and intracellular domains (rMuSK[1-489]-trkC). As a control, we tested a full-1991; Ferns et al., 1996) . Elsewhere, we show that signaling through MuSK is necessary and sufficient for AChR length trkC that had been epitope tagged at its C-terminus to permit immunostaining.
phosphorylation: agrin does not induce AChR phosphorylation in MuSK-deficient myotubes, and activation The abilities of the these proteins to cocluster with rapsyn differed dramatically ( Figure 5B; data not shown) .
of the trkC-hMuSK chimera by NT-3 results in agrinindependent AChR phosphorylation (D. J. G., E. D. A., Both chimeras in which the ectodomain was derived (Gautam et al., 1995) that levels of AChR did not cells inhibits agrin-dependent AChR clustering. Second, a trkC-MuSK chimera that lacks the extracellular dodiffer significantly between control and rapsyn-deficient myotubes ( Figure 6B ). In both cell types, the AChR ␤ main of MuSK is activated by the trkC ligand NT-3, and activation by this surrogate ligand leads to agrin-indesubunit was predominantly nonphosphorylated in the absence of agrin. In control myotubes, addition of agrin pendent AChR phosphorylation. On the other hand, NT-3 treatment of chimera-bearing cells does not induce led to a severalfold increase in the level of AChR phosphorylation that was apparent within 10 min and was AChR clustering. One interpretation of this result is that the extracellular domain of MuSK plays an additional maintained for up to 80 min. Surprisingly, however, phosphorylation of the AChR in response to agrin was role in postsynaptic differentiation besides ligand binding. An alternative possibility, however, is that agrin must dramatically diminished in the absence of rapsyn at all time points examined ( Figure 6B ; data not shown). These bind to both MuSK and a second receptor in order to induce clustering. Although we cannot exclude the secresults suggest that while MuSK phosphorylation is rapsyn independent, rapsyn is required to couple this ond alternative, results obtained in QT-6 cells suggest a distinct role for the ectodomain of MuSK in synaptoactivation to certain downstream events, including the phosphorylation of AChR. Thus, rapsyn is downstream genesis: it is required for the association of MuSK with rapsyn. Thus, the kinase domain and the ectodomain of MuSK activation, yet upstream of AChR phosphorylation in agrin's signal transduction pathway.
of MuSK each serve critical roles in AChR clustering. Surprisingly, the ectodomain-and kinase domaindependent functions of MuSK both require rapsyn.
Discussion
AChR phosphorylation, which is thought to be an early event in the clustering process (Peng et al., 1991 ; WalPrevious studies have provided strong evidence that lace et al., 1991; Wallace, 1994; Ferns et al., 1996) , deagrin triggers accumulation of AChRs in the postsynappends purely on activation of the MuSK kinase domain. tic membrane at the neuromuscular junction, that MuSK
No agrin-dependent AChR phosphorylation occurs in is part of agrin's signaling receptor, and that rapsyn is MuSK mutant myotubes, and a trkC-MuSK chimeric repart of the effector mechanism responsible for AChR ceptor that lacks the MuSK ectodomain can mediate clustering (see Introduction). Here, we have analyzed AChR phosphorylation to the same extent as MuSK itself the interactions of MuSK and rapsyn in vivo and in vitro.
(D. J. G., E. D. A., J. R. S., and G. D. Y., unpublished We report that MuSK, unlike all other postsynaptic memdata). Therefore, our finding that agrin-dependent AChR brane and cytoskeletal components examined to date, phosphorylation does not occur in rapsyn-deficient is clustered at the neuromuscular junctions of rapsynmyotubes demonstrates that rapsyn mediates signaling deficient mice. This finding suggests that MuSK forms by the kinase domain of MuSK. Coclustering of MuSK a primitive, primary scaffold that then requires rapsyn with AChRs and dystroglycan in nonmuscle cells is also to recruit additional postsynaptic components. This rapsyn-dependent, but in this case depends only on primitive scaffold may be sufficient to mediate certain the MuSK ectodomain, since coclustering is seen with aspects of neuromuscular junction formation that are MuSK mutants that lack the intracellular domain but not seen in rapsyn-deficient mice but not in mice lacking those that lack the ectodomain. Thus, a signaling event agrin or MuSK, such as synapse-specific transcription.
downstream of MuSK kinase activation (AChR phosConsistent with the possibility that rapsyn is required phorylation), as well as a process dependent on the for some, but not all, aspects of agrin-MuSK signaling, MuSK ectodomain (coclustering with AChRs), both rewe report that rapsyn is not required for agrin-induced quire rapsyn, suggesting that the intra-and extracellular MuSK activation but is required for an early downstream domains of MuSK interact with rapsyn in independent event, tyrosine phosphorylation of the AChR ␤ subunit. and distinct ways. Furthermore, in nonmuscle cells, rapsyn can link MuSK How might rapsyn interact with the intracellular doto AChR and/or dystroglycan, thereby providing a mechmain of MuSK to mediate phosphorylation of AChRs? anism by which rapsyn could recruit AChRs and other Gillespie et al. (1996) suggested that rapsyn might be components to the MuSK-based scaffold. Surprisingly, necessary for the activation of MuSK itself, but we this rapsyn-dependent linkage depends on the ectodofind robust agrin-dependent MuSK phosphorylation in main of MuSK, suggesting that an intermediary transrapsyn-deficient myotubes. A second possibility is that membrane protein may be involved in linking MuSK and rapsyn could bring MuSK and AChRs into close proximrapsyn. Taken together, our findings suggest unanticiity by binding to both of them, thereby promoting AChR pated roles for MuSK and rapsyn and indicate that these phosphorylation by MuSK. This is not likely to be the two molecules interact in multiple ways. entire explanation, however, since the trkC-MuSK chiMuSK was isolated by virtue of its conserved kinase mera does not interact with rapsyn yet mediates AChR domain, and has been shown to possess kinase activity phosphorylation. Moreover, there is no evidence yet (Valenzuela et al., 1995; Glass et al., 1996) . It therefore that MuSK directly phosphorylates the AChR. As an seemed likely that, by analogy to other membrane tyroalternative, we speculate that rapsyn may bring a MuSKsine kinases, its actions would be mediated by its intrastimulated kinase into proximity with AChRs. Two obsercellular domain and kinase activity (Riedel et al., 1989) .
vations are consistent with this hypothesis. First, coex- In the absence of rapsyn, however, agrinstimulated AChR phosphorylation was markedly reduced.
pression of rapsyn with AChRs in QT-6 cells stimulated rapsyn with the extracellular face of MuSK. We term this intermediate RATL for Rapsyn Associated Transmemphosphorylation of the latter, even in the absence of MuSK (Qu et al., 1996) , suggesting that rapsyn can debrane Linker, although its presence in QT-6 cells indicates that it plays other roles as well. In muscle, RATL liver a non-MuSK kinase to the AChR. Second, tyrosine kinase activity coimmunoprecipitated with rapsyn from may serve to link rapsyn, along with its associated postsynaptic components such as AChR and dystroglycan, lysates of QT-6 cells that had been transfected with to the primary MuSK scaffold. rapsyn but not with AChRs or MuSK (Qu et al., 1996) .
Previous studies of rapsyn mutant mice showed that Recent work by Fuhrer and Hall (1996) suggests that rapsyn is required not only for clustering of the AChR, src may be such a MuSK-activated kinase: src directly but also for the synaptic localization of numerous other phosphorylates the AChR and is the major AChR tyrocomponents of the postsynaptic membrane and cysine phosphorylating activity detected in extracts of C2 toskeleton, including dystroglycan, erbB3, erbB4, synmuscle cells.
trophin, and utrophin (Gautam et al., 1995;  Moscoso et Rapsyn interaction with the MuSK ectodomain is also al., 1995b; J. R. S., unpublished data). The observation likely to be indirect, in that rapsyn is an entirely intracelluthat rapsyn and MuSK can cocluster in nonmuscle cells lar protein. We therefore suggest that a separate transrecently led Gillespie et al. (1996) to propose that rapsyn membrane intermediate mediates the association of is also required for the concentration of MuSK in the postsynaptic membrane. We find, however, that MuSK is localized to synaptic sites in rapsyn-deficient mice, leading to the fundamentally different conclusion that rapsyn recruits components to a primary MuSK-containing scaffold, but is not required for the formation of that scaffold. Moreover, two components of the synaptic basal lamina, acetylcholinesterase and laminin ␤2, retain synaptic localization in rapsyn-deficient mice. Accordingly, we had already hypothesized the existence of a rapsyn-independent scaffold in the postsynaptic membrane that was essential for assembly of the synaptic cleft (Gautam et al., 1995) . Our new results identify MuSK as a component of this scaffold. Thus, MuSK (or MASC) might bind directly to critical components of the synaptic basal lamina to localize a complex of matrix proteins to the synaptic cleft. Formation of the MuSK-containing scaffold appears part of a primary scaffold that nucleates the assembly of 1996) , and that rapsyn associates with a kinase in src-rich QT-6 the rapsyn-associated components of the postsynaptic cells (Qu et al., 1996) , we speculate that rapsyn may present a MuSKapparatus. This MuSK-containing scaffold may be suffiactivated src-like kinase to the AChRs. Finally, rapsyn is required for cient to mediate some aspects of synaptic differentiathe cross-linking of AChRs and other components of the postsynaptic apparatus into large aggregates.
tion, such as synapse-specific transcription, that occur results are presented in Figure 7 . We suggest that rapsyn
Expression Constructs
has at least three roles in the assembly of the postsynapExpression vectors encoding mouse rapsyn, mouse AChR ␣, ␤, tic apparatus at the neuromuscular junction, two of ␥, and ␦ subunits, and rabbit dystroglycan have been described which involve MuSK. First, rapsyn links postsynaptic previously (Phillips et al., 1991a; Maimone and Merlie, 1993; components to a MuSK-containing scaffold, via a trans- AChR phosphorylation remains to be determined, but in a chimeric protein with an intracellular domain that includes five amino acids of rat MuSK beyond the intracellular membrane boundmay involve rapsyn presentation of a MuSK-activated ary, followed by the entire intracellular portion of trkC except for kinase such as src (Fuhrer and Hall, 1996) to the AChR. 
AChRs (and other components) to the MuSK scaffold via a transmembrane intermediate to localize the nascent

Cell Culture and Transfection
The quail fibroblast cell line, QT-6 (Moscovici et al., 1977) , was postsynaptic apparatus to the subsynaptic membrane.
maintained as previously described (Blount and Merlie, 1988) . For
Finally, rapsyn may mediate the formation of larger immunofluorescence staining studies, QT-6 cells were plated onto AChR-containing oligomers as the postsynaptic apparaglass coverslips (13 mm diameter) in 3.5 or 6 cm tissue culture tus grows. A prediction of this model is that rapsyn dishes and transfected 1 day later when cells were 25%-50% confluhas distinct sites that mediate interactions with RATL, ent. Cells were transfected using the calcium phosphate precipitaAChRs, and src-like kinases. The QT-6 cell system used tion method of Chen and Okayama (Chen and Okayama, 1987), modified as described by Phillips et al. (1991b) . 4 g of each plasmid
here should be well-suited for testing this prediction.
was used per 6 cm dish, and pSKII(ϩ) was added as necessary to bring the total amount of plasmid to 24 g per dish. DNA amounts Experimental Procedures were scaled down 2.5-fold for transfections in 3.5 cm dishes. Transfection efficiencies typically ranged from 40%-60%. In some experiAntibodies ments, a recombinant C-terminal fragment of agrin (Ferns et al., The following primary antibodies were used: rabbit anti-rapsyn se-1993) was added 4 hr prior to fixation and staining. rum 5943 (Phillips et al., 1991b) , mouse anti-rapsyn monoclonal To establish primary muscle cultures from rapsyn Ϫ/Ϫ or littermate antibody 1234a (Peng and Froehner, 1985) , mouse anti-rapsyn control pups, fore-and hindlimb muscles were dissected from newmonoclonal antibody 1579a (LaRochelle and Froehner, 1987) , rat born mice, treated with trypsin and DNAse, then plated onto gelatinanti-␣ AChR monoclonal antibody 61 (Tzartos et al., 1981) , rat anti-␤ coated plastic dishes essentially as described previously (Martinou AChR monoclonal antibody 148 (Tzartos et al., 1986 (Tzartos et al., ), sheep anti-dyset al., 1991 . The resulting cultures were maintained in Dulbecco's troglycan antiserum FP-B (Ibraghimov et al., 1992) , rabbit anti-MuSK modified Eagle medium (DMEM) containing 10% horse serum, 5% antiserum 41101K (Valenzuela et al., 1995) , rabbit anti-MuSK antisenewborn calf serum, penicillin, and gentamycin. After 2-3 days, cells rum 52307 (Glass et al., 1996) , mouse anti-myc monoclonal antibody were switched to DMEM containing 2% horse serum and 0% calf 9E10 (Upstate Biotechnology Inc., Lake Placid, NY), mouse antiserum, to promote the fusion of myoblasts into myotubes. Myotubes phosphotyrosine monoclonal antibody 4G10 (Upstate Biotechnolwere abundant after 2-3 days in differentiation medium. The cultures ogy Inc., Lake Placid, NY), rabbit anti-utrophin antiserum BH11
were then incubated in serum-free medium for 2 hr, following which (Khurana et al., 1991) , and mouse anti-SV2 monoclonal antibody a soluble, C-terminal recombinant fragment of human agrin was (Feany et al., 1992 Burden, S.J., DePalma, R.L., and Gottesman, G.S. (1983) . CrosslinkHistology ing of proteins in acetylcholine receptor-rich membranes: associa-QT-6 cells on glass coverslips were washed with PBS and then fixed tion between the ␤-subunit and the 43 kd subsynaptic protein. Cell for 20 min in PBS containing 1% paraformaldehyde, 100 mM l-lysine, 35, 687-692. 10 mM sodium meta-periodate, and 1% saponin. After rinsing with Chen, C., and Okayama, H. (1987) . High-efficiency transformation PBS, cell were permeabilized for 10 min in 1% Triton X-100 in PBS, of mammalian cells by plasmid DNA. Mol. Cell. Biol. 7, 2745-2752. washed three times in PBS, and stored overnight in 1% fetal calf DeChiara, T.M., Bowen, D.C., Valenzuela, D.M., Simmons, M.V., serum in PBS. The coverslips were then inverted onto 50 l drops Poueymirou, W.T., Thomas, S., Kinetz, E., Compoton, D.L., Rojas, of primary antibody and incubated for 2 hr at room temperature.
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